The reactive power/voltage control problem in a distribution substation is investigated. The purpose is to properly dispatch the shunt capacitors and onload tap changers at the distribution substation based on the forecast hourly loads of a main transformer and its primary bus voltage such that the reactive power flows through the main transformer, and the transformer secondary bus voltage deviations from the desired values can be minimised. Practical constraints on secondary bus voltage limits and the maximum allowable number of switching operations in a day for the onload tap changers are taken into account. An approach based on dynamic programming is presented to reach the desired dispatching schedule. To demonstrate the usefulness of the proposed approach, reactive power/voltage control in a distribution substation within the service area of Taipei City District Office of Taiwan Power Company is performed. It is found that a proper dispatching schedule for the shunt capacitors and onload tap changers can be reached by the proposed method.
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introduction
In the operation of a distribution system, reactive power and voltage control is very important since system loss can be reduced and voltage profile can be improved through proper dispatch of reactive power control devices [l-91. In general, there are three different types of reactive power control devices that are widely employed in a distribution system. An automatic voltage regulator (AVR) is usually installed to control the secondary bus voltage of a main transformer at a distribution substation through the action of transformer onload tap changers (OLTC). A shunt capacitor (SC) is installed at the low-voltage bus of the substation to adjust the reactive power flow through the main transformer. On each feeder, shunt capacitors may be installed to improve the voltage profile along the feeder. In the present work, control of reactive power/voltage is investigated using only OLTC and SC 0 IEE, 1995
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The main purpose of this paper is to develop a new approach for reactive power/voltage control in a distribution substation which can overcome the disadvantages experienced in practical operation. The objective is to minimise reactive power flow over the main transformer and the transformer :secondary bus voltage deviation subject to the constraints on secondary bus voltage limits and maximum allowable number of switching operations for the OLTC. To reach an optimal dispatch schedule for the SC and OLTC under the constraints in our study period (a day), the hourly real and reactive loads of the main transformer and its primary bus voltage are first forecast. Then a mathematical model is derived to elnsure that secondary bus voltage limits are not violated when SC and OLTC are switched and to restrain the computational burden for the proposed dynamic progr,amming approach.
To demonstrate the usefulness of the proposed method, dispatch of SC and OLTC for the main transformer at an automated distribution substation in Taipei, Taiwan is performed. It is found that the reactive power flow over the main transformer can be minimised and the secondary burs voltage can be kept very close to the specified value if the OLTC and SC arc dispatched by using the proposed method. Practical constraints mentioned earlier are also satisfied.
Description of study system
The system under study is part of a 6911 1.4kV distribution substation as shown in Fig. 1 . The main transformer is equipped with an onload tap changer to keep its secondary bus voltage close to the preset value under changing load conditions. In addition, a shunt capacitor is installed at the 11.4kV secondary bus to compensate the reactive power flow through the main transformer. Based on TPC's operating policy, the shunt capacitor must be switched on/off according to system reactive power demand such that the reactive power flow over the main transformer is minimised. Thus, the power factor of the whole substation can be improved and the reactive power flows and losses on the subtransmission and transmission lines can also be reduced.
Up to now, automation for the most distribution substations within the service area of Taipei City District Office of Taiwan Power (Company (TPC) has been completed. In normal operation, these unmanned, fully automated substations are monitored and controlled by the computers at the distribution dispatch and control centre (DDCC The reactive power/voltage control method currently used by TPC works well in most cases. However, it suffers from some disadvantages. For example, only realtime load data are employed to determine the dispatching strategy for the SC and OLTC. The unforeseen load changes in the near future may cause unnecessary, frequent switchings for the SC and OLTC. Improper co-ordination between the OLTC and SC may also be observed owing to the lack of rigorous mathematical models.
control in distribution substations at TPC
At present, the reactive powerivoltage control strategy in an automated distribution substation is shown in Fig. 2 . There are three different control modes, i.e. the manual control mode (MANU mode), the automatic control mode (AUTO mode), and the reactive power device control mode (RPDC mode). In the manual control mode, the operators are directly in charge of power flow over the main transformer and determines if it is necessary to switch onioff the SC. A few disadvantages of the automatic control mode are now described.
-Since the automatic voltage regulator and the VA controller function independently, good co-ordination between the OLTC control and SC onioff control is impossible.
-Some aged automatic voltage regulators may have delayed response to voltage deviations from the preset values. This may cause the OLTC fail to act at normal position when the SC circuit breaker is switched onioff or when there is severe load variation.
-Unnecessary frequent operation of the SC circuit breaker by the VA controller may be experienced in situations where there are temporary changes in the reactive power flow over the main transformer.
-The preset values of the VA controller must be reset manually following the change of SC installed capacities in different seasons. To co-ordinate the actions of automatic voltage regulator and the VA controller properly, the RPDC mode can be activated using computer software program. However, it still has some defects in practical operation.
(i) If the number of OLTC tap position movements in a day has exceeded the maximum allowable number of switching operations (30 in the present work), the RPDC mode will be disabled when it tries to activate further change in the tap position. The upper limit for tap position movement in a day has been set to avoid unnecessary OLTC actions and to avoid the reduction of life expectancy for OLTC owing to frequent switchings. Under this constraint, the OLTC tap position must be changed in most needful condition. In the current RPDC mode, the tap position of the OLTC is adjusted only based on present bus voltage. Therefore it may happen that the allowable thirty switching operations are exhausted in the afternoon and it is impossible to make any tap adjustment in the future hours.
(ii) In current RPDC mode of operation, the minimum on time and minimum off time for the SC are set to be 20 and 5 min, respectively. This is done to avoid too frequent switching operations of the SC. However, when the reactive power flow over the main transformer is very close to 50% of the rated capacity of the SC, frequent switching operations are still observed for the SC in this mode.
(iii) In the RPDC mode, secondary bus voltage change due to the switching of SC is estimated by using the following equation:
This is a very rough formula. In fact, the voltage deviation resulting from capacitor switching will be a function of the real and reactive power load demand. A mathematical formula is given in Section 4 to estimate secondary bus voltages in a more accurate manner.
(iv) In the RPDC mode, the SC is switched onioff when the laggingileading reactive power flow over the main transformer exceeds 50% of the rated SC capacity. Before the SC circuit breaker is operated, the secondary bus voltage after the SC is switched is first estimated to ensure that the bus voltage will remain within the allowable limit (25% of the objective value). The SC is switched only when the SC switching will not cause voltage limit violations. This is a major advantage of the RPDC mode which can not be achieved by the AUTO mode. However, in situations where the voltage limit violations are caused by improper OLTC tap positions, the SC switching operation will be inhibited in this mode to prevent bus voltage violations. Reactive power control is not carried out in this case. This motivates the development of a more rigorous control method, described in Section 5. In summary, all of those disadvantages that happen to current practice of reactive powerivoltage control in distribution substation at TPC may be avoided by the proposed approach.
Bus voltage estimation formula
To estimate main transformer secondary bus voltage, the mathematical model for the system in Fig. 1 is depicted in Fig. 3 . The following symbols have been used in Fig. 3 : In practice, the transformer voltage ratio can only be changed by multiples of 0.0125p.u. Thus, the actual transformer voltage ratio must be rounded off to the nearest multiple of 0.0125p.u. When this is done, the actual transformer voltage ratio t is related to the OLTC tap position (TAP) as follows Note that the OLTC tap position TAP should be an integer. With the actual transformer voltage ratio at hand, the secondary bus voltage that we want to control can be derived by using eqn. 10.
When the shunt capacitor is switched on, the impedance 2' becomes t = 1 + TAP(0.0125)
In this case, In this paper it is reasonable to assume that K = 1 when the shunt capacitor is switched off. 
Dynamic programming approach for reactive
Before the proposed dynamic programming (DP) approach for reactive powerivoltage control is described, the hourly real and reactive loads of a main transformer and its primary bus voltage are first forecast.
In the present work, the method in [10, 11 ] is adopted to predict the hourly loads of a main transformer in a day. On the other hand, the estimation error of the primary bus voltage will affect the results slightly for our problem since it is about ten times the secondary bus voltage (phase voltage). So it is forecast as the average value of the actual primary bus voltage in the past month. In fact, it is found from the results in Section 6 that the primary bus voltages estimated in this manner are very close to actual primary bus voltages.
To describe the proposed DP approach, let us define X , = 1, SC is on at hour z X , = 0,SC is off at hour z It has been mentioned in Section 4 that the relationship between the transformer secondary bus voltage I V21 and transformer voltage ratio t is expressed in eqns. 10 and 16 for the case where the SC is off (XI = 0) and the case where SC is on ( X I = 1). With the hourly forecast data (PD2, Q,,, and lVl,l) and the secondary bus voltage estimation formula (eqns. 10 and 16) at hand, we proceed to determine an optimal reactive power/voltage control strategy for the main transformer at the distribution substation. In other words, we require a set of control variables X , (i = 1, ..., 24) for the SC and TAP, (z = 1, ..., 24) for the OLTC such that the reactive power flow over the main transformer is kept as small as possible and the secondary bus voltage is maintained as close to the specified value (l.0p.u.) as possible at all hours in a day. Practical constrains on secondary bus voltage limits and maximum allowable number of switching operations in a day for the OLTC are taken into account.
In the mathematical expressions, the reactive power/ voltage control problem can be stated as follows. states at each stage. Therefore, we need to traverse and save 3424 (=5.69 x possible search paths through the system states at 24 stages. Our purpose is to find one feasible path that satisfies the constraints described in eqns. 18 and 19, and gives the least objective function J over the study period. If we try to solve the problem using the state diagram and search paths in Fig. 4 , we face the difficulty of too much computer memory and intensive computational effort.
To reduce the computational burden, the number of states at each stage and the search paths must be reduced. In the present work, we first find the optimal tap position TAP, optimal that will make /V21 closest to objective value at each stage. Only the three tap positions which are closest to TAPioptimal are saved at each stage. In this way, there are two possible values for Xi and only three possible values for TAP,. So each state node at a given stage will create only six state nodes at the next stage. To further improve the efficiency of the DP approach, the maximum size of the state space must be limited. To do this, we restrict the number of states from stage 2 to stage 24 to 36 states. In other words, only those 36 states with the lowest objective values among the 216 ( = 36 x 6) states are stored. Since there are six states at the first stage, there will be 6 + 36 x 23 = 834 states in all. It means that the nearoptimal solution can be reached at minimal computational effort.
demonstrate Table 1 gives the results from load forecasting for 22nd June 1994. As mentioned earlier, the hourly primary bus voltage is forecast as the average value of the actual primary bus voltage in the past month.
With the forecast data, we can proceed to use the DP approach in Section 5 to determine the optimal dispatch schedule for the SC and OLTC. In the present work, the desired main transformer secondary bus voltage has been set as current dispatch value (6.73kV per phase or l.0p.u.) at DDCC for each hour.
The resulting reactive power/voltage dispatch schedule from the proposed approach and the historical dispatch schedule at DDCC of TPC are summarised in Table 2 . It is observed that better control on secondary bus voltage can be achieved by the proposed approach than the current control method.
Example 7

Discussion
To demonstrate the usefulness of the proposed method, In this paper, equal weights are put on voltage control reactive power/voltage control is performed on a main and reactive power control. If it is desired to put more transformer at CHENG-CHUNG distribution substaemphasis on voltage control or reactive power control, tion in Taipei, Taiwan. The one-line diagram is shown one can use different weighting factors for functions J1 in Fig. 1 . The main transformer rating MVA and its and J2. impedance (2,) are 33 and 0.1223p.u., respectively.
At present, reactors are installed at EHV (345kV) The installed capacity for SC is 8.4MVAr. Due to limsubstations while capacitors are installed at primary ited space in this paper, only one example is given to (161kV) substations and distribution substations at Taiwan Power Company. Thus, reactors are not considered in the present work because we are examining reactive powerivoltage control problem in a distribution substation. However, it is easy to incorporate reactance into the mathematical model in Section 4. In real system operation, it may happen that system load varies to a great extent within 1 h. In addition, certain emergency conditions may cause load shedding or load transfer. In this case, the preset tap position may be adjusted using the monitored voltage, load data and eqns. 9 and 11.
Conclusions
In this paper, reactive powerivoltage control in a distribution substation has been studied. The purpose was to find a proper dispatching schedule for the shunt capacitor and onload tap changer such that main transformer secondary bus voltage can be maintained close to the specified value and the reactive power flow over the main transformer can be kept minimal. To reach the desired dispatching schedule, the real and reactive power demands of a main transformer and its primary bus voltage for the next 24h were first forecast. With these data at hand, a mathematical model was built to estimate transformer secondary bus voltage as a function of the control variables, OLTC tap positions and 644 the onioff status of the shunt capacitor. An approach based on dynamic programming has been presented to reach the desired reactive powerivoltage dispatch schedule. From the results, the bus voltage can be controlled very close to the specified value via the action of OLTC while the reactive power flow over the main transformer can be kept minimal through the switching operations of the SC.
